Various conformers of the imino tautomer of 5-methyl-N(4)-hydroxycytosine were studied by MINDO/3 and PCILO calculations; although only partial geometry optimisation was performed, it seems unlikely that the molecule can be a complementary base to adenine in the Watson-Crick sense.
I. Introduction
The action of hydroxylam ine on cytosine (C) residues in DNA both in vitro and in vivo, leads to several modified species, and in particular to N (4)-hydroxycytosine (HC). M utagenic effects have been ascribed to the latter when it participates in base pairing with guanine and adenine, as a result o f misp airin g [l-5 ] .
Both these molecules (C, HC) are capable o f tautomeric equilibria. In aqueous solution cytosine exists predominantly in the am ino form (AC, 1), with a tautom eric constant KAc/ic o f about 104~ 105, for [AC]/ [IC] where IC is the corresponding iminoform (2) [1] , In contrast, N (4)-hydroxycytosine (HC) has the ratio much closer to unity, and with the imino form (IHC, 3) more abundant than the amino-form (AHC, 4) [1] ; the tautom eric constant [IHC]/[AHC] is about 1 0 -102 [1] , and thus the change in ratio between C and HC is approxim ately 105 or greater; these equilibria are of interest to the theory of point mutations. A dditional interest a t tached to N(4)-hydroxycytosine since its ability to base pair is dependent on the orientation of = N -O H group of the imino form relative to N(3) [6] .
We have carried out full geometry optim isation of cytosine and N(4)-hydroxycytosine, by various methods, with a view to (a) obtaining inform ation on the relative stabilities of the free molecules, and (b) obtaining electronic and m olecular properties at the computed equilibrium geometry. The present paper is concerned with (a), while a following paper discusses charge distributions and also ionisation potentials as determined by photoelectron spectros copy [7] . In the first phase of work, the equilibrium geometry of the tautomers 1 and 2, 3 and 4 were determined by sem iem pirical means using the M INDO/3 and M NDO methods [8, 9] , and the PCILO method [10] . The most promising structures for 1 -4 from the first phase then acted as starting positions for an ab initio study. The latter used a 7s3p atomic orbital G aussian basis for C ,N ,0 and a 3s basis for H, as in our previous work [11, 12] . These basis functions where then contracted to 5,2 and 3 GTO contracted basis for each of Is, 2s and 2p for C ,N ,0 and 3 G T O 's for the ls H orbital. The energy optimised G T O 's yield > 99.7% of the Hartree-Fock free atom energies, and have been shown to give good agreem ent with a num ber of experimental geometries [13, 14] , The gradient pro cedures were based upon the Komorniki and Mclver procedure [15] [16] [17] and in the ab initio studies were carried out using the H O NDO-6 [18] program on an ICL 2972 and a CDC 7600 computer.
It is often assumed that am ino-substituted hetero cycles are completely planar, although it is known that the parent hydrocarbon analogue, aniline is distinctly non-planar overall; the latter is basically two intersecting planes, one containing the C 6H 5N portion and the other the N H 2 group [19] . Thus in some of the M NDO and ab initio studies, this extra flexibility was allowed by lowering the symmetry constraints for 1 -4 from C s to Q .
III. Results and Discussion
Following normal practice, the results of the sem i empirical studies are given on a relative basis, with positive energies denoting lower stability relative to the reference form. The same practice is followed with the ab initio studies, but in order to com pare with absolute energies of other molecules, the computed total energies in atom ic units are also given (1 a. u. = 627.5 kcal m ol-1 = 2626 kJ m ol-1).
The principal results are shown in Table I for all complete 2N or 3N coordinate searches of the N atom species (Cs and Q respectively). reversed in position) are singularly destabilised. The ab initio results again lead to the same overall con clusion with respect to the hydroxycytosine case, but with the energy difference between the two form s 3 and 4 being rather smaller. In contrast the ab initio studies suggest that the two forms o f cytosine itself are effectively identical in energy. In conclusion, all three methods o f investigation for the isolated molecules (as in the gas phase) yield results in agree ment with the aqueous solution data cited above, although the absolute values are som ewhat variable with the method. If we define the difference in energy between the amino (A) and imine (I) forms to be A E x,\ = Ea -E \, and take the difference (<5E) between two pairs of molecules (C and HC) -6E = AEa, i -A E^i we obtain 48, 103 and 56 kJ m o l-1 for MINDO-3, MNDO and ab initio methods; it is interesting to note that an earlier CNDO-2 study, but without geometry optim isation, yielded the result -S E = 58 kJ m ol-1 [20] . Thus it is clear that in this instance the use of standardised geom etric parameters rather than fully optim ised geometries is adequate. For cytosine itself, it seems to be apparent that the energy difference between amino and imino forms declines with sophistication in the calculations as follows: -AEA'i = 43 (MINDO-2 [21] ), 26 (Mindo-3), 1 5~2 0 (MNDO) and 0.6 kJ m ol-1 (ab initio). Usually the comparison of these theoretical isolated molecule differences is with therm odynam ic data in solution, although this is of low validity; the experi mental results for the present system 1 -*• 2 are AE -23.0 [22] , A F~ 28.2 [23] and A H ~ 23.9 kJ m ol"1 [23] . These results suggest a rather higher proportion of amino to imino form (about 400:1 respectively) than the present studies. It has recently been shown that the amount of im ino tautom er may have been somewhat underestim ated [25] ; thus a com parison with 3-methylated cytosine in non-polar solvents yields a ratio for 1 :2 of about 30:1. The significantly lower dipole moment o f the imino form (2, 5.55 D) relative to the amino form (1, 7.58 D) also suggests that the imino form will be relatively stabilised in non-polar solvents, or in the vapour phase. We will return to this topic in a future paper on the photo electron spectra of cytosine derivatives. The previous section showed that the quantum mechanical studies for the relative stabilities of the amino versus imino forms are in general agreem ent with experiment for both cytosine and hydroxycyto sine. The imino form of hydroxycytosine (3) in fact is alternatively nam ed as the 4-oxime of uracil, formally arising from condensation of uracil with hydroxylamine. Thus, it seems probable that the imino compound (3) and its 5-methyl deriva tive could imitate the behaviour of uracil or thy mine respectively in forming stable base pairs with adenine. This can only occur if the appropriate conformer is present, and especially if the hydrogen of the OH group is located in a position anti with respect to the ring nitrogen N(3). In order to predict the relative stabilities of various conformers o f the imino tautom er m entioned above, we perform ed PCILO (and some M INDO-3) calculations for the rotational barrier o f the OH group of the im ino form of 5-methyl-N(4)-hydroxycytosine (Fig. 2) . In these calculations we used the experimental bond lengths The four conformers studied and their relative energies are shown in Fig. 2 ; it is convenient to use a fixed ring skeleton as in the oxime 3, and to refer to the four conformers by their positions relative to the N (3 )-C (4 ) bond; we thus have two syn forms (7 and 8) with transoid (7) and cisoid (8) C = N -O H fragments, and two ««//-forms (9 and 10) with transoid (9) and cisoid (10) fragments. All four (7 -1 0 ) are found to be local minima on the PCILO energy surface, with the syn, transoid form (7) being much lower in energy than the others by 17.15 (8), 24 .68 (9) and 26.73 kJ m ol-1 (10) respectively. The MINDO-3 calculations led to the same conclusions for 7 and 9, with an energy difference of 12.38 kJ m ol-1, but led to the conclusion that the sterically overcrowded molecules (10 and 8) were nearly the same in energy as 9 and 7 (differences o f 0.55 and 3.05 kJ mol-1 respectively). This appears to be a known weakness of the M INDO-3 method [2 6 -2 9 ] for some conformational studies. However, both types of calculation do show that the left or cisoid conformers (7 and 8) are more stable than the right oriented pair (9 and 10). Since the form er pair cannot have proton donor-acceptor properties sim i lar to those of thymine (or uracil), it seems that N(4)-hydroxycytosine cannot be a complementary base with adenine. The H-bonded interactions of this molecule with a complementary base should be similar to those recently observed for O-methoxycytosine [30] .
